We present a numerical simulation and physical analysis of how a single dopant in the channel region effects the variation of threshold voltage ÁV th in highly scaled (gate length = 16 nm) and undoped double-gate fin field effect transistors. The presence of a single contaminant dopant in an undoped channel with an abrupt source/drain (S/D) doping gradient can cause a severe change in ÁV th (140 mV owing to a single acceptor; 100 mV owing to a single donor). To effectively suppress this severe variation, we suggest S/D doping gradient engineering to make the lateral straggle of S/D doping ( S/D ) larger than 2 nm to minimize ÁV th . The distribution of V th is also estimated by three-dimensional simulation using the position of the dopant. #
Introduction
According to the International Technology Roadmap for Semiconductors (ITRS), 1) the scaling of metal-oxide-semiconductor field effect transistors (MOSFETs) is expected to reach the 22 nm technology generation in 2012. The channel doping of planar bulk MOSFETs will need to be increased to 8:4 Â 10 18 cm À3 to suppress the short channel effect (SCE) and to set the required threshold voltage V th of the device. As a result of high-level doping, carrier mobility will be reduced and junction leakage will be increased owing to band-to-band tunneling and gate-induced drain leakage.
Because of the above problems with scaling conventional MOSFETs, double-gate (DG) fin field effect transistors (FinFETs) are expected to be the most promising device structures for solving the problems of both SCE and gate controllability.
2) Because DG FinFETs control V th using the work function of the metal gate electrode, the devices will have undoped channels, and hence will be free from problems caused by the high channel-doping level, but new challenges are expected. Among them, the variation in the electrical characteristics owing to contaminant dopants in the channel region will be the most critical. 3) In this paper we present results of two-dimensional (2D) and three-dimensional (3D) simulations to analyze the effect of the position of a single dopant on threshold voltage variation ÁV th (= maximum V th À minimum V th ). We also suggest source/drain (S/D) doping gradient engineering [4] [5] [6] as a solution for the problem of random dopant variation.
Simulated Device Specifications and Models Used
Design parameters (Table I) of the device used in this simulation [ Fig. 1(a) ] follow the ITRS 2007 specifications for the 16 nm gate technology node. 1) We performed indepth 2D simulation for a cross section [ Fig. 1(b) ] of this device. We used the 2D structure as a full simulation and only used the 3D structure in support (sample) simulations, because full 3D simulation requires excessive runtime.
We set V th (extracted where drain current is $1:5 mA/mm) to the target value (180 mV) using a variable metal gate work function ($4:34 eV). The effective channel length L eff is defined as the distance between the points over which S/D doping falls by approximately two decades. 7) The physical models used in the simulations take into consideration field carrier mobility, inversion layer mobility, parallel electric field dependent mobility, Shockley-ReadHall recombination/generation, Auger recombination, bandto-band tunneling, band gap narrowing, and impact ionization. 8) 
Results and Discussion
The discrete modeling method 9) can be used to calculated ÁV th due to a single contaminant dopant and how ÁV th is affected by the dopant's location in the DG FinFET channel area. In our 2D simulation, the channel is divided into In the simulations, the effect of the presence of a single acceptor dopant on V th differed depending on the block in which it occurred (Fig. 2) . The effect of S/D doping has a Gaussian profile, with the ITRS extension lateral abruptness value (1.8 nm/decade), and L eff equals gate length L g . Simulated V th is highest when the single dopant occurs at the center of the channel. The interaction of the two interfaces causes the entire body region of undoped DG devices to be in an inversion state at V th ; this is called ''volume inversion''. 11) In this situation, a single dopant in the channel region affects the device's electrical characteristics regardless of the dopant's location. However, simulated V th is highest when the single dopant occurs at the center of the channel. This probably occurs because of the difference in the influence between dopant position and gate electrodes in longitudinal positions. For example, the channel region potential is pulled down by the single acceptor dopant, and this reduces the concentration of electrons, which in turn reduces the current. Under this condition, the dopant at the Si/SiO 2 interface can affect only one side of the device, but a dopant at the center can affect both sides owing to the reduced influence of the gates; in this case the increase in V th is greatest (Fig. 3) .
ÁV th due to a single dopant in the lateral direction can be explained in a similar manner. A single dopant's influence on V th is reduced near the source and drain edges in the xdirection because of the influence of the source and drain. In contrast, an acceptor at the center of the lateral direction in the channel region is relatively free from S/D control; V th is greatest in this case [ Fig. 4(a) ].
Next, we investigated how the variable S/D doping gradient affects ÁV th . The S/D doping of our device has Gaussian profiles with lateral straggle ( S/D ) along the lateral direction, i.e.,
where N d ðxÞ is the doping concentration (cm À3 ) at location x, N S/D is the peak doping concentration in the S/D region (at x 0 ), x (nm) is the position in the lateral direction, and x 0 is the location where the S/D doping concentration starts to decrease. ITRS defines extension lateral abruptness to be a three-decade decrease in doping over the lateral extent of the junction. Using this definition and expression (1), when S/D ¼ 1 nm, the lateral abruptness is 1.2 nm/decade. This relationship was used to maintain L eff ¼ 16 nm over the range 0 S/D 5 nm in the simulations (Fig. 5) .
ÁV th was simulated over a range of S/D values (Fig. 6 ). When the dopant was an acceptor, ÁV th was very high (140 mV) at S/D ¼ 0 nm and decreased as S/D increased; it did not change much when S/D > 2 nm. When the dopant was a donor, ÁV th was lower than when it was an acceptor; it decreased from $100 mV at S/D ¼ 0 nm to <65 mV at S/D ¼ 2 nm, then remained relatively constant as S/D increased further. Both of these trends can be explained 6) The reduced controllability from S/D, caused by the change in R S/D , can cause the dopant influence to increase near the S/D edges; the critical value of R S/D seems to be near S/D ¼ 2 nm. In this case, the difference between the devices with a single dopant at a different location is smaller [ Fig. 4(b) ]. Figure 6 illustrates another important contribution of this paper. Some papers reported the effect of dopant contamination on V th , [12] [13] [14] [15] but most of them ignored the S/D doping gradient effect and adopted schematics with an ideally abrupt S/D region. Although this structure can simplify the modeling process, such models can be inaccurate because the abrupt structure can cause the overestimation of ÁV th . Therefore, using a real S/D doping gradient and clearly describing it are important.
To verify the 2D results, we used 3D simulation with sampling ( S/D ¼ 0, 1.5, or 3 nm). We assumed the fin height to be 10 nm, so the 3D simulations considered 5 Â 8 Â 5 ¼ 200 cubes each with l ¼ 2 nm. We used the variable gate field influence to add variation in the vertical axis. The center cubes possess the highest V th , and side cubes, particularly those that are in contract with the buried oxide, have the lowest V th owing to the lower gate field.
V th histograms (Fig. 7) for single discrete dopants verify the 2D result that increasing the S/D doping gradient reduces the effect of random variations in dopant concentration. considering the predictability of V th in practical applications. The result of abrupt S/D is difficult to predict because of its multiple peaks; this means that the device characteristics are more random than in other results.
To verify the universality of our 2D and 3D simulation results, we suggested two additional simulations -single dopant square length effect and device size dependence. Figure 8 shows the variation of V th affected by a single impurity atom located in the center of the channel at respective X's for l's of 1, 2, and 4 nm. When the block size is doubled (l ¼ 4 nm), V th values are slightly lower compared with the standard data (l ¼ 2 nm) and the curve is too steep. When a smaller square size of 1 nm is used, on the other hand, the results agree well with those for l ¼ 2 nm. Therefore, we can say that the choice of l is the traditional problem of simulation, that is, the approximation between the accuracy and computation time, and we have selected a reasonable square size (2 nm).
To verify the device size dependence of the present results, we predicted V th using the channel length L, which is the most classical factor of variation. Table II shows the impact of L g ð¼ L eff Þ increment on V th with the same ( ¼ 2 nm). When single dopant contaminant occurs in larger devices, ÁV th is slightly reduced. This can be explained by the effective channel doping from a single dopant being lower for a larger device.
Conclusions
This study revealed the effect of random dopant fluctuation in undoped double-gate FinFETs. A discrete method was applied to verify ÁV th caused by an S/D doping gradient. The 2D and 3D simulation results suggested that the lateral straggle of S/D doping should be >2 nm to avoid serious ÁV th and scattering. Moreover, these results are a warning that ÁV th can be overestimated when using simple models that assume an abrupt S/D doping gradient. Our results suggest that future research into ÁV th due to the dopant contamination must take into consideration the S/D dopinggradient effect. 
